This paper presents the evaluation of permanent deformation of rubber-reinforced SMA asphalt mixtures by using dynamic creep test. The effect of trans-polyoctenamer as a cross-linking agent in permanent deformation of rubberized mixtures was also evaluated. Dynamic creep test was conducted at different stress levels (200 kPa, 400 kPa) and temperatures (40 ∘ C, 50 ∘ C). Permanent deformation parameters such as dynamic creep curve, ultimate strain, and creep strain slope (CSS) were used to analyse the results. Finally, the creep behaviour of the specimens was estimated by the Zhou three-stage creep model. The results show that crumb rubber and trans-polyoctenamer significantly affected the parameters especially at high stress and temperatures. Consistent findings were observed for all permanent deformation parameters. Moreover, based on Zhou model, it was concluded that resistance to permanent deformation was improved by application of crumb rubber and trans-polyoctenamer.
Introduction
Mechanical behaviour of asphalt highly depends on ambient temperature due to its viscoelastic properties. Asphalt becomes softer and less viscous as temperature increases. On account of that, asphalt binder becomes more susceptible to adopt permanent deformation and thus accelerates rutting in wheel tracks. Moreover, stress induced by loading is another main parameter that leads to permanent deformation in asphalt pavement.
Rutting is observed as the main distress mechanism typically occurring in countries with high pavement in-service temperature like Malaysia. Malaysia essentially experiences tropical weather with the mean annual air temperature of 28 ∘ C and maximum air temperature of 45 ∘ C and the maximum average air temperature during the hottest 7-day period (over the pavement design life) being 38 ∘ C [1] . Road pavement temperature in Malaysia on the other hand ranges from 20 ∘ C in the early hours of the day to as high as 60 ∘ C in midday during a hot day. In addition, overloaded vehicles are very common users of Malaysian roads. In 2008, 27% or 270,000 out of the one million registered commercial vehicles on the roads in the country were commonly overloaded. Overloading of such with high environmental temperature could cause great damage to pavements and therefore deteriorate pavement performance faster than planned. Incorporating waste tyre in the pavement can be used to tackle some of the pavement problems as shown by many research studies [2] [3] [4] . Due to the benefits offered by crumb rubber, many research works have been implemented on the effects of chemical additives to further increase the performance of rubberized binder. Recent studies have shown that the properties of rubberized binder can be improved by adding substances such as chemical stabilizer, an activation agent, and polymers in which the main function is to activate the rubber asphalt interaction and improve crosslinking. For instance, incorporating trans-polyoctenamer to rubberized binder improves the elastic responses at high Cat.
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temperatures and reduced creep stiffness at low temperatures [5] . Therefore this modification reduces the risk of cracking at low temperatures and rutting at high temperatures.
Trans-polyoctenamer is a kind of polymer with a double bond structure, in which the main task is to cross-link the sulphur of the asphaltene and the sulphur on the surface of the crumb rubber to form a ring and mesh composed of chain polymers [6] ; thus, it prevents the sinking of the rubber particles by increasing the viscosity. Evonik Degussa GmbH [7] , explained that trans-polyoctenamer chemically bonds to the crumb rubber during its blending and converts the thermoplastic asphalt to a thermoset polymer that can help reduce cracking and rutting. Trans-polyoctenamer is structured of cyclooctene which is synthesized from 1,3-butadiene via 1,5-cyclooctadiene. Cyclooctene is polymerized to polyoctenamer that produces both linear and cyclic macromolecules. The molecular formula of polyoctenamer is -(C4H7=C4H7)-and its synthesis is shown in Figure 1 .
Dynamic creep test performed using such well recognized apparatus like the Universal Testing Machine (UTM), In addition to the laboratory tests, many researchers are interested in developing the performance models to characterize the permanent deformation and further estimate the future pavements' service. As reported by Zhou et al. [10] , various mathematical models, among which are well known models such as power-law model, VESYS model, Ohio State model, Superpave, and AASHTO 2002, have been developed for fitting the creep curve and estimating the flow number (FN) parameter in asphalt mixtures. However, these models are limited to describing only the primary stage. West et al. [11] have also developed a three-stage model, but their model cannot estimate the boundary points of curve stages. Therefore, a new three-stage model comparable to the field performance termed as Zhou model [10] is proposed as follows: (
Many current research studies used Zhou model to evaluate permanent deformation of unmodified and modified asphalt mixtures [12] [13] [14] . 
Objectives and Experimental Procedure
Due to hot weather with an increase in traffic loading experienced in Malaysia, this study was conducted to investigate the permanent deformation of commonly used aggregate gradation, SMA 20. Effects of crumb rubber as asphalt modifier on permanent deformation characteristics of SMA 20 mixture were also evaluated. To achieve this objective, control and rubberized mixtures were tested for dynamic creep by means of UTM at different stress levels (200 and 400 kPa) and temperatures (40 and 50 ∘ C). To further improve performance of rubberized asphalt as well as to study the chemical reactions, trans-polyoctenamer was added. Consequently, test results were analysed to determine the permanent deformation parameters such as dynamic creep curve, ultimate strain, and creep strain slope (CSS). Finally, creep models were derived based on Zhou three-stage model. Table 3 : Specification of crumb rubber used in this study.
Materials and Specimen Preparation
Chemical and physical properties Rubber size 30 mesh Acetone extract (ISO 1407), % 10
In order to investigate the effect of the crumb rubber on rutting resistance of SMA 20 mixtures, crumb rubber sized 30 mesh (0.60 mm) supplied by Rubplast Sdn. Bhd. was used in this study. Twelve percent (12%) of crumb rubber by weight of bitumen 80/100 penetration was used in preparation of rubberized bitumen. Table 3 shows the chemical and physical properties of crumb rubber.
Trans-polyoctenamer bought from Evonik Degussa GmbH, Germany, with the trademark Vestenamer was chosen as a cross-link dispersant, which, along with crumb rubber, might improve the binder performance. The recommended dosage, 4.5% by weight of crumb rubber, was incorporated into rubberized bitumen [20] [21] [22] . Table 4 shows the chemical and physical properties of trans-polyoctenamer, respectively.
Mix Design

Preparation of Rubberized Asphalt.
Rubberized asphalt was prepared by adding crumb rubber sized 30 mesh (0.60 mm) to 80/100 pen asphalt cement. In this study, rubberized asphalt was prepared with 12% crumb rubber (12R) and 12% crumb rubber with 4.5% trans-polyoctenamer (12R 4.5V). The mixing was done using propeller mixer at speed of 200 rpm for 45 minutes and mixing temperature was maintained at 180 ∘ C. Crumb rubber and transpolyoctenamer were added simultaneously at the beginning of the mixing. For all types of rubberized asphalt, amount of crumb rubber is calculated by weight of the asphalt, while amount of trans-polyoctenamer is calculated by weight of the crumb rubber.
The laboratory produced rubberized asphalt was given identification names. Table 5 presents the binder ID with the matrix for three types of binders developed and evaluated in this study. Control sample designated as control was prepared with bitumen 80/100 penetration. 12R stands for rubberized asphalt prepared with 12% of crumb rubber (by weight of 80/100 penetration bitumen), whereas 12R 4.5V is rubberized asphalt prepared with 12% crumb rubber (by weight of bitumen 80/100 penetration) and 4.5% trans-polyoctenamer (by weight of crumb rubber).
Preparation of Specimen.
In this study SMA 20 aggregate gradation as shown in Figure 2 was used in preparation of all specimens. Optimum asphalt content determined by Marshall method was used. It was determined that optimum asphalt content for control specimen is 5.0%, whereas 5.5% is the optimum asphalt content for specimens prepared with 12R and 12R 4.5V binder. Table 6 shows the mix design of specimens evaluated in this study. The same designations were also used in specimen prepared from the respective binders.
Each specimen comprised 1100 g of aggregates and 2% of Portland cement by weight of the mix. Aggregate and cement were heated in the oven for one hour at 150 ∘ C. Aggregate was then transferred to the pan and heated at higher temperature of 170 ∘ C. The rubberized asphalt (12R and 12R 4.5V) at optimum content was added to the aggregate and mixed at 170 ∘ C until all aggregates were fully coated with the binder. Mixture was then transferred to the Marshall mould and was spaded 15 times around the parameter and 10 times over the interior. Mixture was compacted by applying 50 blows for both sides with the Marshall compactor when temperature reached 140 ∘ C. After compaction, the mould was removed from the base-plate; the specimen was cured for 24 hours in the mould at room temperature before extruding it by means of an extrusion jack. Similar procedure was followed for preparation of control specimen except mixing temperature was done at 150 ∘ C and compacted at 135 ∘ C.
Creep Test
Maximum particle size of aggregate in the mixtures is 19 mm (≤20 mm); therefore specimens were trimmed at top and bottom side with a diamond saw to the final thickness of 50 mm. Both sides of each sample were coated with a thin layer of silicone grease containing graphite flakes in order to obtain smooth faces. This is to eliminate the influence of unevenness of specimen face which would affect the test results. The repeated creep test was performed using Universal Testing Machine (UTM). It is the most commonly used device to measure the permanent deformation of asphalt mixture in laboratory. Specimen will be placed in the temperature controlled cabinet for 2 hours to ensure that equilibrium temperature is reached. Specimen was then placed between the platens. The assembled platens and specimen were aligned concentrically with the loading axis of the testing machine. The displacement measuring device is then attached to the platens. The vertical deformation is then measured by the linear variable differential transducers (LVDTs). In this study, the loading parameters consisted of a haversine wave shape with two stress levels of 200 kPa and 400 kPa and in addition two test temperatures of 40 ∘ C and 50 ∘ C were selected. The load was applied for 0.5 s followed by a rest period of 1.5 s. The specimen was terminated after 1800 load cycles or until accumulated strain reaches 100,000 s. The accumulated strain was calculated by using the following equation:
where is the accumulated strain, ℎ is the axial deformation, mm, and 0 is the initial specimen height, mm.
Result and Analysis
Dynamic Creep Curve.
After testing, dynamic creep curves of all specimens were obtained. These data are depicted in Figures 3(a)-3(d) . It can be found that there are significant differences among these curves. Each dynamic creep curve consists of two parts, namely, primary stage and secondary stage. Primary stage presents recoverable elastic strain due to densification of the mixture while secondary stage shows viscoelastic strain resulted by cumulative axial strain [23] . In this test, tertiary stage of specimen did not occur due to a short loading period of 1800 cycles except for control mixture tested at 400 kPa stress level and 50 ∘ C. Higher accumulated axial strains values indicate that mixes have lower rutting resistance potential. It is apparent that specimens prepared with rubberized asphalt show a lower cumulative permanent strain compared to control specimen as seen in Figures 3(a)-3(d) . This is because crumb rubber which has partially digested into the asphalt absorbs the aromatic oils from the asphalt into the rubber's polymer chains. It implies the formation of gel-like material that results in higher viscosity and elasticity of the asphalt. Such interactions improve the binder networking and allow greater film thickness surrounding the aggregate in the mixture. This will reinforce the aggregate bonding of the mixtures thus resulting in higher strength. Furthermore, the crumb rubber which is not digested in the asphalt will maintain their integrity, interweave together, and form a three-directional network when distributed uniformly in the mixtures. This spatial reinforcing network could reinforce the mixtures and resist damage propagation. As can be seen in Figures 3(a)-3(d) , incorporating transpolyoctenamer as a cross-link dispersant agent in preparation of rubberized binder indicates a significant enhancement in the behaviour of mixtures as showed by 12R 4.5V mixtures. This implies that trans-polyoctenamer improves the rheological properties of rubberized binder by activating the crumb rubber and asphalt to form a chemical reaction. The reaction permits cross-linking with the sulfur associated with the asphaltenes and maltenes in the asphalt to create a macropolymer network. Finally, a uniform, low tack, rubber-like composite is produced which is capable of improving the rutting resistance of the mixtures [24] .
Ultimate Strain.
Results of ultimate strain after 1800 load cycles are illustrated in Figure 4 . As can be seen in the figure, the ultimate strain of rubberized mixtures improves remarkably compared to the control mixtures. In all test conditions, specimens prepared with 12R 4.5V show the lowest ultimate strain followed by 12R and control mixture. It implies that incorporating crumb rubber and trans-polyoctenamer in asphalt provides significant impact on susceptibility of mixtures to permanent deformation. It is important to note that the ultimate strain increases at higher temperature. For instance, at 200 kPa stress, in case of control mixture when the temperature increases from 40 ∘ C to 50 ∘ C, the strain value rises from 21901.06 s to 29418.91 s which is 1.34 times higher in comparison with 40 ∘ C. However, dependency of ultimate strain on temperature in rubberized mixtures is considerably lower than that of control mixtures, especially specimen with addition of trans-polyoctenamer. For example, at stress level 200 kPa and 400 kPa, increase in 10 ∘ C (from 40 ∘ C to 50 ∘ C) the ultimate strain for control mixture increases 1.34 and 2.20 times, while 12R 4.5V rises at lower rates compared to control mixture that is, 1.29 and 1.46 times, respectively.
The similar trend was observed by rising stress level in which the ultimate strain increases by an increment in stress (from 200 kPa to 400 kPa) for both 40 ∘ C and 50 ∘ C temperatures. In control mixtures, the rate of increment is more than rubberized mixtures. Results show that the ultimate strain increased 3.40, 2.09, and 2.18 times for control, 12R, and 12R 4.5V, respectively, as stress increased from 200 kPa to 400 kPa at 50 ∘ C. This means that control mixtures deform more than three times while rubberized mixtures show better resistance to deformation as stress increases.
Moreover, control mixture deforms very fast at highest test condition (400 kPa, 50 ∘ C). In other words, increase in stress and temperature has caused a dramatic growth in the ultimate strain of control mixtures so that these samples faced a total destruction of 100,000 s. On the contrary, in the rubberized mixtures, the ultimate strain is much lower which is 45359.73 s and 37915.94 s for 12R and 12R 4.5V, respectively, which is equivalent to 2.20 and 2.64 times less compared to control mixture. Thus, efficiency of crumb rubber was clearly observed at highest test condition which the rubberized mixtures deform much lower compared to control mixture.
Creep Strain Slope (CSS).
CSS is the slope of the secondary phase of typical repeated load creep test results. It is calculated from the regression line that excludes the primary stage and therefore perfectly reflects the rate of deformation affected by the load cycling. For constant stress loading conditions, the creep strain rate is approximately constant during the secondary creep phase. Hence, CSS is another permanent deformation characteristic that shows the developing rate of deformation [25, 26] . Figure 5 shows the CSS results for control and rubberized mixtures under different stress level and temperature. Similar to ultimate strain results, Figure 5 manifests that modifying asphalt mixtures with rubber and trans-polyoctenamer decreases the temperature and stress susceptibility of the mixtures. In other words, dependency of permanent deformation on temperature and stress in rubberized mixtures is considerably lower than that of control mixture.
As seen in Figure 5 , increasing the temperature from 40 ∘ C to 50 ∘ C at stress level of 200 kPa in control mixtures increases the CSS 2.24 times (from 4.42 to 9.90). Moreover, at stress level of 400 kPa, 10 ∘ C increase in temperature results in rises CSS 2.61 times (from 15.10 to 39.44) for control mixture. However, in rubberized mixtures at 200 kPa and 400 kPa stress level, an increase 10 ∘ C in temperature can lead to 1.74 times and 1.97 times increase, respectively (from 2.22 to 3.87 and from 7.19 to 14.16), considerably lower than control mixture. Rubberized mixtures at both stress levels, therefore, are less sensitive to temperature increase than control mixture. Further, by rising stress level, the same finding was observed. Increase in load stress leads to increase in CSS for all mixtures. Result obtained by control mixture shows that increasing the stress level from 200 kPa to 400 kPa at 40 ∘ C rises the CSS around 3.42 times (from 4.42 to 15.10) and 3.98 times (9.90 to 39.44) at 50 ∘ C. CSS for rubberized mixtures also increases as stress level increases; however the rate is lower compared to control mixture. For instance, at the same test condition as above, the CSS for rubberized mixtures increases 3.24 times (from 2.22 to 7.19) and 3.66 times (from 3.87 to 14.16), which is slightly lower than the control mixture. The above findings show that the rubberized mixtures are less susceptible to stress level compared to control mixture.
It is important to note that comparison of CSS between control and rubberized mixtures becomes more significant as stress level and temperature increase. For instance, the rate of CSS for control mixtures is 1.99, 2.56, 2.10, and 2.78 times that of the 12R 4.5V for 200 kPa, 40 ∘ C; 200 kPa, 50 ∘ C; 400 kPa, 40 ∘ C; and 400 kPa, 50 ∘ C, respectively. However, it seems that low temperature and low stress level did not reveal the benefits of rubberized asphalt. Above phenomenon is probably due to the behaviour of crumb rubber particles that do not dissolve entirely in asphalt; it swells and adsorbs the certain components of the asphalt. Therefore the crumb rubber maintains their integrity and acts as flexible filler in the mixtures. At high temperature, the crumb rubber is stiffer than the asphalt while at low temperature the asphalt is stiffer whereas the crumb rubber properties do not change significantly. Thus, at low temperature and stress level, the strength of mixture is not attributable to the role of rubberized binder but rather more to the contact points in the aggregate skeleton. As seen in Figure 5 , at 200 kPa stress level and 40 ∘ C temperature, the CSS for all mixtures is not much different; thus it supported above justification.
Relationship between ultimate strain and CSS is shown in Figure 6 . There is a good correlation between these two parameters. The relationship coefficient of the fitted curve, 2 , is 0.9884. It is apparent that ultimate strain increases with an increase of CSS. Therefore if the creep strain slope of the mix is being enhanced; then its susceptibility to permanent deformation will increase as the consequence. Thus ultimate strain and CSS are considered to be useful parameters for evaluating the permanent deformation susceptibility of the mixtures.
Zhou Three-Stage Model
In this study, Zhou three-stage model was used for better understanding of permanent deformation behaviour of the mixtures. Regression analysis as explained by Zhou et al. [10] was utilized to determine the mathematical functions as The results are presented in Tables 7 and 8 . Achieved results show that all curves obey the Zhou model. Similar strain values are observed when predicted strains calculated via mathematical functions based on Zhou model were comparable with measured strain.
As seen in Tables 7 and 8 , results show that control and rubberized mixtures only achieve the secondary stage. This is due to short loading cycles (1800); tertiary stage was not achieved. However, at 400 kPa stress and 50 ∘ C, the control mixtures enter the tertiary stage after 829 loading cycles whereas the rubberized mixtures are still at the second stage. Figure 7 shows number of load cycles at first stage also known as transition point from first stage to second stage for all mixtures. Generally, the number of load cycles decreases as stress level and temperature increase. As first stage presents recoverable elastic and second stage presents viscoelastic behaviour of the mixture, it means that specimen changes to viscoelastic behaviour faster as stress level and temperature increase. At 40 ∘ C, for instance, increasing stress level from 200 kPa to 400 kPa leads the control mixture to enter the second stage from 1173 cycles to 469 cycles which is 2.5 times faster.
From Figure 7 , it can be illustrated that length of first stage for rubberized mixture is longer than control mixture. This shows that rubberized mixtures sustain the first stage longer compared to control mixture. For example, at 400 kPa and 40 ∘ C, transition point for 12R mixture is 979 cycles while control mixture is 469 cycles which is more than two times longer. Although the length of first stage of modified mixtures is generally longer than control mixture, exception is observed at low test condition (200 kPa stress level and 40 ∘ C temperature). 
Statistical Analysis
Statistical analysis was performed using SPSS software to analyse the relationships between permanent deformation of the mixtures and the parameters. The two-way analysis of variance (ANOVA) was used with a confidence interval of 95% ( = 0.05). To present permanent deformation of the mixtures, ultimate strain was selected as dependent variable while temperature, stress, and additive (rubber and transpolyoctenamer) were selected as independent variables. The result of two-way ANOVA is tabulated in Table 9 , which indicates that temperatures, stress, and additive have a significant effect on the ultimate strain when the value is less than 0.05. The interaction effect between the chosen parameters also has a significant effect on the ultimate strain.
Conclusion and Recommendations
Based on the findings, use of crumb rubber in construction of pavement deserves serious consideration as it significantly improves the resistance to deformation compared to unmodified mixtures. The effect of crumb rubber is more significant at high stress and temperature. This fits in with Malaysia's conditions which observe tropical weather and high traffic volume. Moreover, addition of trans-polyoctenamer increases the resistance to deformation of rubberized mixtures. Conclusion has been drawn as follows.
(1) Trans-polyoctenamer improves the properties of rubberized asphalt as best resistance to permanent deformation shown by 12R 4.5V at all test conditions.
(2) At higher stress level and temperature, permanent deformation resistance of both control and rubberized mixtures decreased.
(3) Methods to analyse the permanent deformation by dynamic creep curve, ultimate strain, and CSS are consistent. 
